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INTRODUCTION
Unrelenting interest to features of small molecules -nucleic acids (NA) interactions can be explained not only by the necessity to obtain their binding characteristics in the frame of fundamental science, but mainly by the possibility to apply the data obtained in biology, medicine, including synthesis of anticancer DNA-targeted drugs, as well as in nanotechnology [1] [2] [3] [4] . In the last three decades, one of the most studied classes of such molecules are porphyrins, which belong to class of macrocyclic compounds with unique photophysical properties and the great potential in biomedical and molecular electronics applications [5] [6] [7] [8] [9] . Both spectroscopic properties and high biological activity of porphyrins are conditioned by the presence in its structure of planar macrocyclic chromophore [10] , which effectively binds to DNA and RNA polymers, stabilizing and changing their local structure.
One of the most interesting porphyrin representatives, the water-soluble tetracyclic mesoporphyrin, TMPyP 4+ , is known as a fluorescent compound that binds effectively not only to double-stranded nucleic acids and to single-stranded, triple-and quadruple ones. Three main modes of TMPyP 4+ binding to DNA have been established [11] , which depend on the type of porphyrin substituents; on availability and type of a metal ion coordinated in the center of the tetrapyrrole macrocycle; on type, sequence and structure of the nucleic acid; on phosphate-to-dye ratio, P/D; ionic strength of the solution etc. There were indentified as intercalation, groove binding and outside binding without or with self-stacking. The last one can be accompanied by formation of the chiral porphyrin aggregates along the biopolymer chain [12, 13] .
It was shown that TMPyP 4+ selectively accumulates in cancer cells, acts as efficient antitumor agent targeting G-quadruplex structures of telomeric DNA [14] [15] [16] [17] [18] , and inhibiting telomerase activity with IC 50 = 6.5 μM. It is widely used both in molecular biology as a probe for the structure and dynamics of nucleic acids [11, 19, 20] , and in medicine as anti-viral and antimicrobal agent [21] , photosensitizer for photodynamic therapy of cancer [22] [23] [24] [25] [26] [27] , and a carrier of antisense oligonucleotides for their delivery [28] . In complexes with redox-active transition
, etc.) this porphyrin causes an oxidative DNA cleavage [28, 30] .
Molecular aggregates of TMPyP

4+
with the chromophores stacking formed on NA exterior are characterized by the presence of strong electron interaction between adjacent porphyrin molecules. It determines their ability to transfer electron excitations and makes possible to use them in material science for the creation of new photonic materials as well as in molecular electronics for light-harvesting nanoelectronic devices [31] [32] [33] [34] .
The binding of TMPyP 4+ porphyrin to nucleic acids has been most extensively studied on double-stranded [11, 19, 20, 35, 36] and quadruple DNA and RNA [37] [38] [39] , whereas only limited number of publications were devoted to interaction of this porphyrin with single-stranded polynucleotides, including adenylate-containing homopolymers [12, [40] [41] [42] [43] , despite the fact that single-stranded RNA and DNA segments are known to play important role in cell biology including replication, transcription and recombination processes [44, 45] . For example, sspoly(rA) was reported to be involved in regulation of the genes expression in eukaryotic cells [46] . It has been found in animal cells and many viruses in the form of sites up to 250 nucleotides in length, which are covalently bound to the 3'-end of polydisperse nuclear RNA and messenger RNA molecules [47] . Poly(rA) tails synthesized by poly(rA) polymerase (PAP) are known to play a significant role in the transcription process, as well as in stability and maturation of m-RNA [48] . Since PAP was found to be overexpressed in human cancer cells [49, 50] , sspoly(A) segments can be suggested as a possible target for anticancer drugs -nucleic acid binders. Thereby compounds that selectively bind to the poly(rA) tail are supposed to be an inhibitor of the proteins synthesis in the tumor cells, as well as an effective target to control the function of cellular mRNA. Poly(dA) was proposed to be used in dynamic, DNA-based nanodevices as molecular switch, which at low pH forms a parallel-stranded double helix and at neutral pH exists as a ordered single helix [51] .
Up to now the spectroscopic studies on interaction of TMPyP 4+ with single-stranded adenine-containing homopolymers were carried out mainly on deoxyribonucleotide polymer poly(dA) [40, 12, 41] , as well as oligomers (dA) 40 [42] and (dA) 13 [43] in solution of nearphysiological ionic strength (0.1 and 0.2 M Na + ). Whereas data on binding of this porphyrin or its metaloderivatives to ss-poly(rA) polyribonucleotide have been reported only in few works [41, 12, 52] . At that the studies were performed mainly by absorption spectroscopy, CD and resonance light scattering (RLS) techniques. The changes in the porphyrin emission upon the binding to the polymer were followed only in [42, 43] . Since fluorescent technique is known as a highly sensitive and informative tool, and binding of TMPyP 4+ to anionic biopolymers was shown to be accompanied by significant changes in its emission properties [53] [54] [55] 13] , it seems appropriate to perform fluorescence study on binding of TMPyP 4+ to poly(rA).
So, the aim of the current work is to study the binding of TMPyP 
MATERIALS AND METHODS
Chemicals.
The tetra-p-tosylate salt of meso-tetrakis(4-N-methyl-pyridyl)porphine (TMPyP
4+
, Fig. 1) and potassium salt of poly(rA) from Sigma-Aldrich Chemical Co. were used without additional purification.
All experiments were performed in a 2 mM phosphate buffered solution (pH 6.9) prepared using the deionized water from Millipore-Q system. The 
Apparatus and techniques.
Electronic absorption spectra were recorded on a SPECORD UV/VIS spectrophotometer (Carl Zeiss, Jena).
Steady-state fluorescence measurements were carried out on a laboratory spectrofluorimeter based on the DFS-12 monochromator (LOMO, Russia, 350-800 nm range, dispersion 5 Å/mm) by the method of photon counting described earlier in [58] . All experiments were carried out at ambient temperature (20 -22 °C) .
RESULTS AND DISCUSSION
Absorption and fluorescence spectra of free TMPyP 4+ porphyrin
Visible absorption and fluorescence spectra of TMPyP (Fig. 2) . Substantial spectral transformation clearly indicates strong interaction between π-electronic systems of the porphyrin and nucleic bases. Fluorescence spectrum of the complex also undergoes significant changes (Fig. 3) . Broad structureless emission band of the free dye (P/D = 0) upon binding to poly(rA) splits into the two well-resolved components with maxima at 663 and 725 nm that is accompanied by moderate enhancement of the porphyrin fluorescence intensity (I/I 0 = 2.18) and polarization degree (p = 0.075) ( Table 1) . λ exc = 500 nm, λ obs = 670 nm for poly(rA) and 677 nm for poly(P)
Discussion
From biphasic character of fluorimetric titration curve (Fig. 4) it is clearly seen that two binding modes are realized upon the TMPyP with single-stranded poly(P) simulating phosphate backbone of nucleic acids [54] , we can see that spectroscopic properties of porphyrin molecules partially intercalated between adenine bases and porphyrin monomers or dimers electrostatically bound to phosphate residues are absolutely different. So, for the last system 23 % hypochromism and 2 nm blue shift of absorption Soret band were reported, the emission band had broad featureless shape, and the fluorescence intensity is quenched up to 63 % from that for free dye (Table 1) .
It is interesting, that binding of the TMPyP
4+
to polydeoxyribonucleotide poly(dA) was accompanied by substantially less pronounced absorption changes then in the case of poly(rA).
So, for the first system at P/D > 25 only 1 nm red shift and 14 % hypochromism of Soret absorption band were observed [41] . The difference can be explained by the significant distinction in the spatial structure of these two polynucleotides, including axial inter-base distance. So, ss-poly(rA) studied in current work at neutral pH represents right-handed 9-order A-type helix stabilized by the base stacking with pitch of 25.4 Å, so that the base planes are practically perpendicular to the helix axis [63] [64] [65] [66] . Whereas poly(dA) relating to B-type helices is characterized by another conformation of sugar and has a more pronounced stacking of nucleic bases. The inter-base distance (axial rise per residue) for poly(rA) and poly(dA) was reported to be 2.8 Å and 3.3 Å correspondingly [63, 65] .
Another type of complexes formed between cationic porphyrins and anionic biopolymers and dominating at low P/D ratios is known as the electrostatic binding of the dye to the polymer exterior which can occur with or without self-stacking of the porphyrin chromophores. It have been revealed that near stoichiometric (on charge) P/D ratio this binding type can be accompanied by formation of the extended chiral porphyrin aggregates on the surface of the nucleic acids and other anionic biopolymers [12, 54, 56, 67] that results in the absorption hypochromism, hypsochromic (for H-aggregates) or bathochromic (for J-aggregates) shift of the Soret absorption band, an appearance of strong resonant light scattering in the visible region and bisignate bands in induced CD spectrum (fingerprint of the excitonic interaction).
The nature of the binding and aggregation of porphyrin on the surface of nucleic acids and other polyanions was shown to depend significantly on the primary and secondary structure of the polymer. So, aggregation of TMPyP 4+ with self-stacking have been revealed on the surface of ds-RNA [35] , ordered single-stranded poly(rA) [12] , poly(P) [54] , pyrimidine homopolymers (dC) 40 and (dT) 40 (at P/D = 1.7) [42] , however it was not found on ss-poly(dA) (investigation were performed at P/D = 2-25) [12] , (dA) 40 , (dG) 40 (at P/D = 1.7) [42] . As for native ds-DNA, the data available are controversial. So, aggregation of free-base TMPyP emission at low P/D ratios was observed upon its binding to oligodeoxyribonucleotides (dA) 13 [43] and (dA) 40 [42] , where absence of porphyrin selfaggregation was proved by another techniques. In such a way, from absence of a fluorescence quenching at near-stochimetric (on charge) binding ratios and from the enhancement of the porphyrin emission observed in the range of P/D = 0 -6 it can be concluded that external binding of TMPyP
to poly(rA) occurs without self-stacking of porphyrin chromophores.
CONCLUSIONS
The present spectroscopic study shows that in neutral aqueous solution of low ionic strength (2mM Na complexes with poly(rA) belonging to A-type helix are substantially more pronounced that those for poly(dA) belonging to B-type helix, where only 14 % hypochromism and 1 nm red shift of Soret band were reported [41] , that can be conditioned by difference in the spatial structure of these polymers, in particular, by distinct axial inter-base distances.
The behavior of TMPyP 4+ upon its outside binding to poly(rA) differs substantially from those reported for single-strand inorganic polyphosphate [54] and ds-DNA [13] where strong quenching of the dye fluorescence were observed at low P/D ratios as results of the formation of weakly fluorescing porphyrin aggregates with self-stacking. In the present work enhancement of the porphyrin emission was observed in all range of P/D studied. to poly(rA) may be the basis of its high biological activity and can be used for design of antitumor and antiviral pharmaceuticals. Also our findings provide new insight into the features of molecular interactions between macrocyclic dyes and nucleic acids.
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